A novel in vitro method for the generation of a protein library has been developed using the polymerase chain reaction (PCR) amplification of a single DNA molecule followed by in vitro coupled transcription/ translation. DNA template encoding green fluorescent protein of a jellyfish Aequorea victoria was extensively diluted to one molecule per well, and then amplified by a total of 80 cycles of PCR with nested primers. The exact number of origins in the amplified DNA fragment was then estimated by directly sequencing a part of the fragment, at which an individual template molecule was marked by PCR with a primer containing three randomized bases. Since the sequences obtained in 91 independent amplifications were diversified statistically, each amplified fragment was likely originated from a single DNA molecule. In addition, the amplified fragments served as a template for in vitro coupled transcription/translation using T7 RNA polymerase and Escherichia coli S30 extract. These results suggest that the library obtained by the PCR amplification of a single DNA molecule diluted from a variety of DNA pools is potentially useful in high-throughput generation of protein libraries.
INTRODUCTION
A new methodology generating combinatorial libraries, which has great potential for the screening of compounds with desired properties, is now in rapid expansion (1) (2) (3) (4) . The combinatorial library for the screening and selection of proteins includes a variety of biological systems such as phage display (5) (6) (7) (8) , peptides-on-plasmids library (9) , cell surface display (10) and others. Although such a cell-based system has been widely used, generally its library scale is physically limited by the use of agar plates, and the screenings and selections cannot be applied to toxic proteins due to the necessity of cell growth. On the other hand, protein selection can be carried out in vitro by ribosome display (11, 12) and RNA-peptide fusion display (13, 14) . However, such systems can be used only for selection by affinity binding.
Recently, the technology of automatic, high-speed screening and selection has progressed for combinatorial chemistry, where high-speed synthesis together with high-throughput screening (HTS) allows screening of hundreds-of-thousands to millions of compounds per day (15, 16) . However, organic peptide synthesis in the traditional stepwise fashion, which is usually used to generate a peptide library in combinatorial chemistry, is limited to short sequences. Here, we have developed a simple system to generate a protein library by sequentially combining the polymerase chain reaction (PCR) with in vitro transcription and translation.
In this novel system, a protein library can be generated by in vitro transcription and translation of templates amplified from a single DNA molecule diluted from a variety of DNA pool. To detect the number of template molecules in each amplification, every DNA molecule was individually marked by PCR with a primer containing three randomized bases. By directly sequencing the amplified fragments, the successful amplification of the DNA fragment from a single origin was confirmed experimentally. Mutant and wild-type green fluorescent protein (GFP) genes were then mixed once at the ratio of 1:1 or 1:9, 'cloned' by the PCR, and expressed by Escherichia coli coupled transcription/translation. The fluorescent signals representing wild-type and mutant GFPs were obtained at approximately the mixed ratios. This novel method, named 'PCR library', is easy to miniaturize and automate. It enables high-speed screening of proteins as well as peptides generated by combinatorial chemistry.
BamHI/EcoRI-digested pRSETB (Invitrogen), resulting plasmid pRSET-GFP1.
The 5′ terminal part of gfp gene was amplified using a set of primers of F-1 and S65OL to replace Ser to Thr at position 65, which affects the excitation wavelength. The 3′ part was also amplified using S65TOL and R-0, and the two fragments were joined by overlap extension PCR and digested by HincII and NcoI. Then the 0.32-kb fragment containing the mutation site was ligated to HincII/NcoI-digested pRSET-GFP1, resulting plasmid pRSET-GFP2. The sequence of the inserted fragment was confirmed by the dye-terminator sequencing method.
Preparation of PCR templates
To prepare the target DNA for PCR amplification of a single DNA molecule, the ScaI digest of pRSET-GFP1 was first amplified by 30 cycles of conventional PCR using Taq DNA polymerase (Takara Shuzo, Kyoto, Japan) with 1 µM of primers F-1 and R-0 containing three randomized bases under the reaction conditions recommended by the supplier.
The PCR product was extracted with phenol-chloroform, precipitated with ethanol, and purified by ion-exchange HPLC on a TSKgel DEAE-NPR column (Tosoh, Tokyo, Japan) in a gradient of NaCl in 20 mM Tris-HCl (pH 9.0) as follows: flow rate = 0.5 ml/min; 0 M NaCl at 0 min; 0.5 M NaCl at 10 min; 0.7 M NaCl at 30 min; 1 M NaCl at 50 min.
In order to remove heteroduplex sequences that were formed by extension of the primer containing a random sequence (R-0) at the final cycle of PCR, five cycles of PCR were additionally carried out using the chromatographically purified template and primer R-1 instead of R-0. The product was then purified again by ion-exchange HPLC.
The target DNAs corresponding to wild-type and S65T GFP for in vitro expression were prepared from a ScaI digest of pRSET-GFP1 and pRSET-GFP2, respectively, by conventional PCR using Pfu DNA polymerase (Stratagene) with primers (F-1 and R-0) in the following sequence: preheat at 94_C for 3 min; 25 cycles consisting of 96_C for 15 s, 55_C for 30 s, and 72_C for 3 min; additional extension at 72_C for 10 min. The PCR products were purified by ion-exchange HPLC as above. The purified products were amplified by five additional cycles of PCR as described above.
PCR amplification of a single DNA molecule (single-molecule PCR)
After the target DNA was diluted with 1 ng/µl tRNA (Sigma) as a carrier typically to one molecule per well (DNA concentrations were determined by measuring absorbance at 260 nm, and 1.18 × 10 -6 ng of template DNA molecule was estimated as one molecule), each molecule was first amplified in 10 µl of total volume by the 0.4 U Taq DNA polymerase in the recommended reaction condition with 0.2 mM of each dNTP, and 0.1 µM of each primer (F-1 and R-1) in the following sequence: preheat at 94_C for 3 min; 50 cycles consisting of 96_C for 15 s, 53_C for 30 s and 72_C for 1 min; additional extension at 72_C for 10 min. One µl of the first-step PCR product was transferred to 10 µl of fresh PCR mixture containing 0.4 U Taq DNA polymerase, 0.2 mM of each dNTP and 0.5 µM of each primer (F-2 and R-2), and then processed as follows: preheat at 94_C for 3 min; 30 cycles consisting of 96_C for 15 s, 58_C for 30 s and 72_C for 1 min; additional extension at 72_C for 10 min.
Before in vitro coupled transcription/translation, a T7-termination sequence was added to the PCR products by the overlap extension PCR method. The T7-termination fragment was amplified by Taq DNA polymerase with primers F-T7TER-1 and R1-32 from ScaI digest of pRSET-GFP1 as a template. After HPLC-purification, the T7-termination fragment was attached to the product of single-molecule PCR by the overlap extension PCR. The product (0.1 µl) of single-molecule PCR was used as a template for the overlap extension PCR, with primers F-2 and pRSET-1-32. The reaction (30 cycles) was carried out in 10 µl of total volume by the Taq DNA polymerase.
In vitro coupled transcription/translation
The in vitro coupled transcription/translation reaction was carried out essentially by Schultz's method (17) with some modifications (T. Endo, Nagoya University, Japan). T7 RNA polymerase and E.coli S30 extract for the reaction were prepared using standard procedures. NTPs were purchased from Pharmacia, creatine phosphate from Calbiochem, creatine kinase and E.coli tRNA from Boehringer Mannheim, folinic acid and rifampicin from Sigma. Polyethylene glycol (M r 6000) and other chemicals were from Wako Pure Chemical Industries (Osaka, Japan).
The reaction was carried out in 20 µl total volume, and the reaction mixture contained the following: 10 mM magnesium acetate, 56.4 mM Tris-acetate (pH 7.4), 1.76 mM DTT, 1.22 mM ATP, 0.85 mM GTP, 0.85 mM CTP, 0.85 mM UTP, 40 mM creatine phosphate, 0.15 mg/ml creatine kinase, 0.32 mM of each amino acid, 4% polyethylene glycol (M r 6000), 34.6 mg/ml folinic acid, 0.17 mg/ml E.coli tRNA, 150 mM potassium acetate, 35.9 mM ammonium acetate, 3 µl E.coli S30 extract, 10 mg/ml T7 RNA polymerase, 10 mg/ml rifampicin. Reactions were initiated by adding 2 µl of the overlap extension PCR products or 0.4 µg of plasmid DNA. Reactions were incubated at 37_C for 2 h and stopped by placing on ice.
Reaction mixtures (10 µl) were diluted with an appropriate volume of 50 mM sodium phosphate buffer (pH 7.0), and excitation spectra of the diluted mixtures were measured by a fluorescence spectrophotometer F-4500 (Hitachi). Measurements were carried out in a 1 ml cell, with a fixed emission of 510 nm. The emission monochro-metor was set at a band pass of 5 nm and scan speed was 60 nm/min.
Sequence analysis of mutations
A part of gfp gene used for in vitro coupled transcription/translation reaction was cloned into the E.coli strain XL1-Blue and sequenced. One of the DNA fragments amplified from a single origin which showed the excitation spectrum of only wild-type GFP was digested by EcoRI and EcoT14I. A 0.56 kb fragment containing a part of gfp was purified from agarose gel. The fragment was then ligated to EcoRI/EcoT14I-digested pTV119N (Takara Shuzo), transformed, and sequenced by the dye-terminator sequencing method.
RESULTS

Single-molecule PCR
Briefly, we attempted in vitro amplification of a single DNA molecule by PCR, tentatively termed 'single-molecule PCR'. Step 1: a pool of template DNA is generated by PCR, whereby three randomized bases are introduced downstream of gfp gene in order to distinguish each template. The fragment contains T7 promoter for in vitro expression.
Step 2: the generated DNA pool is purified and diluted to the specified concentration.
Step 3: first step of amplification is carried out by 50 cycles of PCR with a set of outside primers.
Step 4: second step of amplification is carried out by 30 cycles of PCR with a set of inside (nested) primers.
Under such an extreme condition, the number of template DNA molecules was so small that the formation of byproducts such as primer dimers, even if only a few were generated, might strongly inhibit the amplification of the desired products. To reduce the effect of the byproducts, therefore, we adopted the nested PCR method (Fig. 1) for amplification (18, 19) . The nested PCR consisted of a first-step amplification with outside primers and a second-step amplification with inside (nested) primers (Fig. 1) . In the second-step reaction, nested primers should anneal with and amplify only the desired product.
Does an amplified fragment have a single origin? Could a single DNA molecule really be amplified? In order to confirm this point, we distinguished each template by virtue of introduction of three randomized bases into the template. The template DNA prepared by PCR carries gfp gene, T7-promoter and the three randomized bases (Fig. 1) . There were 64 possible sequences at the three bases (4 × 4 × 4). If an amplified fragment has a single origin, only a unique sequence should be seen in the three randomized bases of the fragment. By directly sequencing the three bases of the fragments obtained in each amplification, therefore, the number of template molecules can be estimated.
The template DNA thus prepared was diluted to one molecule per well, followed by the nested PCR as described. Optimized concentrations of the primers used in the nested PCR were 0.1 and 0.5 µM in the first and second step of the amplification, respectively. To avoid annealing of the first-step primers at the second-step PCR, the second-step primers were designed to have higher melting temperatures than those of the first-step primers. Before sequencing, it was confirmed by agarose gel electrophoresis that the correct size of a DNA fragment was amplified.
The experiments were carried out seven times, and the results are summarized in Table 1 . None of the 16 negative (no template) controls gave a false-positive signal. Successful amplification was observed at frequencies of 68.7, 48.9, 27.9 and 23.8% at 4, 2, 1 and 0.5 molecules of template per well, respectively. On the other hand, based on the Poisson distribution, the theoretically calculated frequencies of amplifiable (positive) wells at 4, 2, 1 and 0.5 DNA molecules per well are 98.2, 86.5, 63.2 and 39.4%, respectively.
Following the agarose gel analysis, the amplified fragment from the PCR mixture was sequenced directly. Figure 2A and B shows typical signals obtained by sequencing the amplified fragment in the experiments of single-molecule PCR, and C shows that obtained from ∼1 × 10 4 molecules of template DNA as control. At the three randomized bases, A shows a clear signal that exclusively indicates a unique sequence, while C shows an unclear signal that reflects its numerous number of origins. Although B shows a clear signal, it is likely that at least two sequences overlapped, indicating that the amplified fragment had more than one origin. Table 2 shows all sequences obtained at the three randomized bases of the amplified fragments from a single DNA molecule. Although 92 independent sequences were obtained, 91 of them were shown in Table 2A , because one gave only two bases (CC). From a theoretical calculation, 48.6 kinds of sequences should be filled by 91 independent sequences. Since a comparable number of the variety of sequences, 42, was obtained experimentally, the possibility of contamination such as carry-over can be excluded.
Expression of gfp genes amplified by single-molecule PCR
In order to demonstrate the usefulness of the PCR library for in vitro screening, direct expression of the gfp gene amplified from a single molecule was examined by in vitro coupled transcription/ translation by means of T7 RNA polymerase and E.coli S30 extract. In addition to the wild-type GFP (WT), an S65T mutant GFP (S65T) was used, which has greater brightness than WT and shifted the excitation maximum to 488 nm rather than 396 nm of WT (20) . These two are easily distinguishable from each other. To avoid the introduction of mutations, a high-fidelity DNA polymerase, Pfu DNA polymerase, was used rather than Taq polymerase for the template preparation.
The gfp genes of WT and S65T were amplified using Taq DNA polymerase as described above, except for the addition of TaqStart Antibody (Clontech) to carry out hot-start PCR. The template DNAs were diluted statistically to one or two molecules per well, then the nested PCR was carried out in all 64 wells: 16 wells with two DNA molecules of WT; 16 with one molecule of WT; 16 with two molecules of S65T; 16 with one molecule of S65T. In each template condition, successful amplification was observed at 4, 3, 3 and 3 wells, respectively. The T7-termination sequence was then added to the amplified fragments by the overlap extension PCR, because the transcription efficiency of the PCR product could be increased by the addition of the sequence (to be published elsewhere). All of the 13 gfp genes thus modified were directly expressed by in vitro coupled transcription/translation system. The excitation spectrum of the synthesized GFP was measured with an emission of 510 nm. The samples from WT gene and those from S65T showed an excitation maximum around 396 nm (a WT phenotype), and around 488 nm (an S65T phenotype), respectively (data not shown).
In order to mimic a screening procedure, we next amplified WT and S65T genes diluted from a mixed template pool, and expressed the amplified gene. One DNA pool contained equal amounts of WT and S65T, and the other a 9-fold excess of WT. Each of the template pools was diluted statistically to four, two or one molecule per well, then the nested PCR was carried out in all 96 wells; 16 wells in each template condition. The amplifications and the sequences of the three randomized bases were analyzed as described above and are summarized in Table 3 . From the results in Table 3 , we classified the 53 samples into four groups; group I, 20 samples with multiple origins obtained from the pool of WT:S65T = 1:1; group II, six samples with a single origin from WT:S65T = 1:1; group III, 13 samples with multiple origins from WT:S65T = 9:1; group IV, 14 samples with a single origin from WT:S65T = 9:1. The above 53 gfp genes were directly expressed in vitro after the addition of the T7-termination sequence. In group I, eight samples were S65T phenotype, 10 were WT phenotype and two showed ambiguous spectra (Fig. 3A, indicated by arrows) . The ambiguous spectra with two weaker peaks of WT (at 396 nm) and S65T (at 488 nm) were also seen in group III (two were ambiguous and the others were WT, Fig. 3C ) but not in group II (Fig. 3B ) nor in group IV (Fig. 3D) , indicating that both WT and S65T genes were the origins of the samples showing the signals. In group II, four samples were S65T phenotype and two were WT phenotype (Fig. 3B) , and all samples were WT in group IV (Fig. 3D) . 
Sequencing analysis of mutations on single-molecule PCR
Throughout the study, we used Taq DNA polymerase with no proofreading activity for a total of 80 cycles of single-molecule PCR. Furthermore, an additional 30 cycles of PCR should be carried out to add the T7-termination sequence to the amplified genes for effective expression. After so many cycles of PCR, large populations of the amplified fragments might contain serious mutations. In order to clarify this point, one of the gfp genes of group IV was cloned and sequenced. The cloned gene was 548 bp from 147 bp downstream of the initiation codon to the stop codon of gfp, including the fluorophore encoding region. Thirteen independent clones were recovered, and both strands of the inserts were sequenced. Seven clones had one or two nucleotide substitutions and the others had no mutation (Table 4) . Two silent mutations and seven amino acid substitutions were detected out of a total of the nine mutations.
DISCUSSION
Amplification of DNA fragments even from a single cell have been reported by several groups. Successful amplification was also reported from a single molecule of genomic DNA Because one double-stranded DNA molecule of 1 kb is only 1 × 10 -6 pg (note that one copy of a haploid human genome is 3 pg), it is difficult to control the number of such DNAs in a manually sequential dilution. In fact, Table 1 shows that the frequency of successful amplification was not reproducible (i.e., the ratio of positive wells at one DNA molecule per well ranged from 12.5 to 43.8%). It is also noteworthy that the frequency at every trial was less than that of the theoretical calculation from the Poisson distribution. It is not likely that the adsorption of DNA molecule on pipettes or tubes accounts for this difference, because tRNA was used as a carrier to avoid it. These facts imply that a simple comparison between the amplifiable number obtained from experiments and the theoretical calculation is not enough to demonstrate the amplification of a single DNA molecule.
To obtain more direct evidence, we constructed a template DNA carrying three randomized bases to distinguish each template (Fig. 1) . Direct sequencing of the amplified fragments revealed the exact number of their origins (Fig. 2) . Although there is a possibility that all of the templates in the same well have the same sequence, such a rare occurrence [1/64 of two templates and (1/64) 2 of three templates, and so on] can be ignored. Table 2 shows all sequences obtained at the three randomized bases. Forty-two kinds of sequences obtained from 91 samples proved to have a single origin. The number of the variety of the sequences obtained, 42, is smaller (although comparable) to that of the theoretical calculation, 48.6. This is probably caused by the inequality in chemical synthesis among nucleoside phosphoramide in the synthesis of oligonucleotide R-0, since the ratio of guanine in the three randomized bases was significantly smaller than the others (Table 2B) .
Since it is impossible to know the actual number of DNA molecules in each tube, it is also impossible to distinguish between the amplification of unique DNA molecule in a compartment and that of 'selected' one molecule from two or more. As summarized in Table 1 , the number of DNA fragment amplified from one origin was sometimes larger than expected especially at the dilution of 4 molecule per well. In such conditions of dilution, most of the amplified fragment was probably selected from several molecules, possibly by chance, because no bias was observed in the obtained sequences as summarized in Table 2 . At more dilute situation, i.e. 1 or 0.5 molecule per well, however, the chance of 'selection' should be greatly reduced and hence most of the amplified fragments were likely the result of the amplification of a single molecule.
In order to demonstrate the utility of the single-molecule PCR to in vitro screening, genes encoding a wild-type (WT) and a mutant GFP (S65T) were amplified by the single-molecule PCR and expressed by E.coli S30 coupled transcription/translation using T7 RNA polymerase. Each sample showed each excitation wavelength as expected. In addition, DNA pools where WT gfp was mixed with an equal or 9-fold excess amount of S65T gfp were also targeted as above in order to mimic a screening procedure. The ratio of the excitation wavelength of GFP expressed reflected that of the gene mixed (Fig. 3) . Furthermore, we could confirm that S65T expressed showed not only different excitation wavelength but also greater brightness than WT did. These results indicate the ability of PCR library for quantitative screening. Figure 3 . In this study, a T7-termination sequence had to be added to the templates before their expression, because the productivity was too small to detect the product by fluorescence without the sequence (data not shown). This step can, however, be avoided by using a PCR template carrying the termination sequence.
Taq DNA polymerase with no proofreading activity was used for single-molecule PCR. The error rate of Taq DNA polymerase is reported to be ∼0.8 × 10 -5 /base/cycle (23) , which theoretically results in a large population of amplified DNAs containing base replacements. In order to clarify this point, one of the gfp genes used for expression was cloned and sequenced. In 13 individual clones, 548 bp fragments sequenced were found to contain a total of nine base replacements (Table 4) . Accordingly, each 798 bp open reading frame of gfp is calculated to contain one base replacement on average. Assuming that the concentration of the final PCR product used for expression is 0.2 µg/µl, the error rate calculated from the result is 2.5 × 10 -5 /base/cycle. This value is higher than the published error rate, probably because of unfavorable amplification conditions.
Most of the mutations during single-molecule PCR were negligible in phenotypic expression of at least such a compact protein like GFP. Indeed, all of WT and S65T gfp amplified and expressed in vitro were their original phenotypes. This is because most of these random mutations are thought to be neutral (24, 25) . To identify an effective mutation from a selected DNA pool, however, in vivo cloning and sequencing of ∼10 DNA molecules will be eventually inevitable. Therefore to reduce this task or to apply our system for larger or more intolerant proteins, the optimization of the amplification conditions is necessary to decrease the frequency of base replacements. Alternatively, other high-fidelity DNA polymerases such as Pfu DNA polymerase (23) and KOD DNA polymerase (26) have to be used. Smith and Modrich developed a method for the removal of mutant sequences from PCR products using bacterial mismatch repair proteins (27) . This approach is also useful to eliminate mutations. Furthermore, it is noteworthy that miniaturization of PCR not only increases the number of samples but also reduces the cycle number of PCR, or the chance of mutation, as mentioned by Kalinina et al. (22) .
The amount of protein produced by an in vitro protein synthesis system is another key factor for successful application to PCR libraries. The E.coli system that we used here has been improved greatly (28) . In addition, the eukaryotic protein synthesis system using wheat germ extract has also been improved in its productivity by us (29, 30) . It is likely that these improvements will ensure the utility of the PCR library as the template of a protein library.
Burks et al. developed an in vitro method for rapid scanning of saturation mutagenesis (31) . However, it is limited to site-specific mutations. In contrast, the method that we described here can be employed for any fashions of in vitro mutagenesis, including error-prone PCR (32, 33) and DNA shuffling (34, 35) . Thereby the PCR library followed by in vitro protein synthesis can be used as a library for directed evolution in order to obtain an improved protein for a particular purpose (36) .
One of the merits of our system is that its library scale can be greatly enlarged by miniaturization of PCR. At present, only 384-well plates are commercially available; however, its sample number can be multiplied if chip technology is applied. In addition, in vitro protein synthesis following the PCR library enables the production of toxic proteins for cells and the incorporation of non-natural amino acids (17) , which greatly increases the variety of amino acid sequences in proteins.
